Abstract-An R120G mutation in ␣B-crystallin (CryAB R120G ) causes desmin-related myopathy (DRM). In mice with cardiomyocyte-specific expression of the mutation, CryAB R120G -mediated DRM is characterized by CryAB and desmin accumulations within cardiac muscle, mitochondrial deficiencies, activation of apoptosis, and heart failure (HF). Excessive production of reactive oxygen species (ROS) is often a hallmark of HF and treatment with antioxidants can sometimes prevent the progression of HF in terms of contractile dysfunction and cardiomyocyte survival. It is unknown whether blockade of ROS is beneficial for protein misfolding diseases such as DRM. We addressed this question by blocking the activity of xanthine oxidase (XO), a superoxide-generating enzyme that is upregulated in our model of DRM. The XO inhibitor oxypurinol was administered to CryAB R120G mice for a period of 1 or 3 months. Mitochondrial function was dramatically improved in treated animals in terms of complex I activity and conservation of mitochondrial membrane potential. Oxypurinol also largely restored normal mitochondrial morphology. Surprisingly, however, cardiac contractile function and cardiac compliance were unimproved, indicating that the contractile deficit might be independent of mitochondrial dysfunction and the initiation of apoptosis. Using magnetic bead microrheology at the single cardiomyocyte level, we demonstrated that sarcomeric disarray and accumulation of the physical aggregates resulted in significant changes in the cytoskeletal mechanical properties in the CryAB R120G cardiomyocytes. Our findings indicate that oxypurinol treatment largely prevented mitochondrial deficiency in DRM but that contractility was not improved because of mechanical deficits in passive cytoskeletal stiffness. Key Words: mitochondria Ⅲ oxidative stress Ⅲ antioxidants Ⅲ protein misfolding Ⅲ reactive oxygen species T he protein ␣B-crystallin (CryAB) is a small heat shocklike protein that is prevalent in cardiomyocytes and can function as a chaperone. A missense mutation, R120G, in ␣B-crystallin (CryAB R120G ) is linked to desmin-related myopathy (DRM). 1 A transgenic mouse model of CryAB R120G -DRM with cardiomyocyte-specific expression of the mutated protein developed hypertrophy, which gradually progressed to dilated cardiomyopathy and heart failure (HF). 2 Previous data indicated that mitochondrial dysfunction presented very early in the DRM pathology before any functional cardiac deficits could be detected, and local associations between mitochondria and aggregations of misfolded CryAB R120G were noted. 3 Early pathological presentation included abnormalities in mitochondrial organization and localization, significant reductions in oxygen consumption, activation of the mitochondrial permeability transition pore (MPTP), and gradual loss of mitochondrial membrane potential. Complex I activity was decreased by as much as 50% by the time the animals reached sexual maturity at 6 weeks, and this decrease occurred before any functional compromises could be detected. 3 Reduced complex I activity is associated with a wide spectrum of protein misfolding and neurodegenerative diseases. 4 For example, inhibition of complex I in mice leads to degeneration of dopaminergic neurons in the substantia nigra, as is observed in Parkinson's disease, through activation of apoptotic pathways. 5 It is thought that complex I dysfunction and the subsequent impairment of mitochondrial respiration provoke the activation of the mitochondria-dependent apoptotic machinery by directly triggering the release of the apoptogenic molecule cytochrome c from affected mitochondria. 6 A large body of evidence suggests that mitochondria and, particularly, complex I are responsible for reactive oxygen species (ROS) generation under physiological and pathological conditions. 7 Besides being a major source of ROS and oxidative stress, mitochondria also appear to be highly susceptible to ROS attack. Proteins, lipids, and nucleic acids can be altered by ROS, resulting in covalent changes Original
T he protein ␣B-crystallin (CryAB) is a small heat shocklike protein that is prevalent in cardiomyocytes and can function as a chaperone. A missense mutation, R120G, in ␣B-crystallin (CryAB R120G ) is linked to desmin-related myopathy (DRM). 1 A transgenic mouse model of CryAB R120G -DRM with cardiomyocyte-specific expression of the mutated protein developed hypertrophy, which gradually progressed to dilated cardiomyopathy and heart failure (HF). 2 Previous data indicated that mitochondrial dysfunction presented very early in the DRM pathology before any functional cardiac deficits could be detected, and local associations between mitochondria and aggregations of misfolded CryAB R120G were noted. 3 Early pathological presentation included abnormalities in mitochondrial organization and localization, significant reductions in oxygen consumption, activation of the mitochondrial permeability transition pore (MPTP), and gradual loss of mitochondrial membrane potential. Complex I activity was decreased by as much as 50% by the time the animals reached sexual maturity at 6 weeks, and this decrease occurred before any functional compromises could be detected. 3 Reduced complex I activity is associated with a wide spectrum of protein misfolding and neurodegenerative diseases. 4 For example, inhibition of complex I in mice leads to degeneration of dopaminergic neurons in the substantia nigra, as is observed in Parkinson's disease, through activation of apoptotic pathways. 5 It is thought that complex I dysfunction and the subsequent impairment of mitochondrial respiration provoke the activation of the mitochondria-dependent apoptotic machinery by directly triggering the release of the apoptogenic molecule cytochrome c from affected mitochondria. 6 A large body of evidence suggests that mitochondria and, particularly, complex I are responsible for reactive oxygen species (ROS) generation under physiological and pathological conditions. 7 Besides being a major source of ROS and oxidative stress, mitochondria also appear to be highly susceptible to ROS attack. Proteins, lipids, and nucleic acids can be altered by ROS, resulting in covalent changes that affect mitochondrial structure and function, and complex I activity is decreased by oxidative stress. 8 The toxic effects of ROS can be reduced by scavenging enzymes such as superoxide dismutase, glutathione peroxidase, and catalase. However, under conditions of long-term progressive disease, continuous production of mitochondrial ROS results in a pathological feed-forward loop in which considerable mitochondrial damage occurs. Irreversible damage appears to correlate more closely with ROS formation than with respiratory chain dysfunction, 9 and mitochondria are at least partly responsible for the amplification, accumulation, and propagation of oxidative stress.
Within cardiac myocytes, ROS can be produced by several mechanisms, including mitochondrial electron transport, NADPH oxidase, 10 and xanthine oxidase (XO), a superoxidegenerating enzyme that is upregulated in animals and in humans with HF. 11 In the failing heart, excessive generation of ROS and oxidative stress contributes to cardiac remodeling, mechanoenergetic uncoupling, and depressed myofilament calcium sensitivity. 12 ROS can also induce myocyte hypertrophy, apoptosis, and interstitial fibrosis by activating matrix metalloproteinases. 13 Inhibition of XO by allopurinol or oxypurinol can help conserve cardiac structure and function, offset alterations in fetal gene expression, and substantially improve the HF phenotype in a rat model of dilated cardiomyopathy. 14 Targeted XO blockade enhances survival and improves global cardiac function after ischemic cardiomyopathy is induced in the mouse. 14 -18 Inhibition of XO can also effectively ameliorate or even prevent oxidation of myofilament proteins, a process that, if left unchecked, can dynamically change cross-bridge cycling and lead to HF. 18 We wished to determine the efficacy of XO inhibition in attenuating DRM-induced morbidity. Oxypurinol delivered in the drinking water markedly improved mitochondrial function in CryAB R120G -DRM: complex I activity and normal mitochondrial morphology were restored, and MPTP opening decreased. Despite these improvements, subsequent developing deficits in cardiac function were unaffected, suggesting that additional factors intrinsic to the contractile apparatus and/or its milieu were responsible for the contractile dysfunction observed in the CryAB R120G -DRM model. Therefore, the mechanical properties of isolated adult cardiomyocytes from the mice with cardiac expression of wild type (CryAB WT ) and CryAB R120G were determined using magnetic bead microrheology. We found that CryAB R120G cardiomyocytes showed significantly increased transverse cytoskeletal stiffness and attenuated cytoskeletal viscosity compared to CryAB WT cardiomyocytes, possibly caused by sarcomeric disarray or by desmin and CryAB aggregates within the cytoskeleton.
Materials and Methods

Animals and Experimental Protocols
We studied the effect of oxypurinol on CryAB R120G -overexpressing transgenic mice (TGox) and compared them to controls (nontransgenic [NTG]), and an untreated transgenic (TG) group. For microrheology experiments, we used normal CryAB-overexpressing CryAB WT mice, as described previously. 2 Transgenic mice were identified by PCR analysis of genomic DNA isolated from tail clips. Animals were housed in an Assessment and Accreditation of Laboratory Animal Care-approved facility, and all experiments were approved by the Animal Review Board. For this study, 1-month-old CryAB R120G mice were treated with oxypurinol (1 mmol/L ; nϭ20) in drinking water for 30 and/or 90 days. The mice treated for 30 days were used for biochemical mitochondrial analyses only.
Antibodies
Anti-glutathione reductase, anti-glutathione peroxidase, and anticatalase antibodies were purchased from Abcam Inc (Cambridge, Mass), and antiglucose-6-phosphate dehydrogenase was from Novus Biologicals (Littleton, Colo).
Measurements of Mitochondrial Membrane Potential, ⌬, and Complex I Activity
The analyses were performed using tetra-methyl-rhodamine ester (TMRE) dye reagent (Invitrogen, Carlsbad, Calif). Isolated mitochondria were incubated with 100 nmol/L TMRE and observed under a fluorescence microscope at an excitation wavelength of 549 nm and emission wavelength of 574 nm. Oligomycin (2 g/mL) was used for incubation with mitochondria. Mitochondrial swelling experiments were performed as described previously. 3 Complex I activity was measured as described previously. 19 Fifty micrograms of isolated heart mitochondria were diluted in the reaction mixture consisted of 250 mmol/L sucrose, 1.0 mmol/L EDTA, 50 mmol/L Tris-HCl (pH 7.4), 10 mol/L decylubiquinone (Sigma, St Louis, Mo), and 2 mmol/L KCN. The reaction was initiated by adding 50 mol/L NADH and monitored continuously at a wavelength of 272 minus 247 nm at 30°C for 1 minute. Rotenone (5 g) was added, and any rotenone-insensitive activity was measured for 1 minute.
Magnetic Bead Microrheology and Cytoskeletal Displacement Measurements
Detailed procedures are available in the online data supplement at http://circres.ahajournal.org.
Pressure-Volume Analysis
Mice were anesthetized, the heart exposed and instrumented with a pressure-volume catheter placed retrograde though the left ventricular (LV) apex, as described. 20 Transient obstruction of the inferior vena cava was used to obtain data over a loading range, and pressure-volume data from the later portion of diastole combined from multiple cycles to generate diastolic pressure-volume relations. These were fit to a monoexponential [PϭP o ϩ␣(e ␤V Ϫ1)], with stiffness coefficient ␤. Additional steady-state and pressure-volume relation parameters were obtained as described. 20 
ROS Analyses
ROS activity was measured using 2 different methods. Peroxidase and XO activity were determined in whole-cell homogenates using Amplex Red reagent (Invitrogen) according to the protocol of the manufacturer. In addition, fresh frozen left ventricle myocardium (8-m slices) was incubated with 4 mol/L 2Ј,7Ј-dichlorofluorescein (DCF) diacetate for 1 hour at 37°C. Images were taken by confocal microscopy (Nikon PCM-2000). The excitation/emission spectrum for DCF was 480/535 nm.
Statistical Analysis
All data are expressed as meansϮSE. Comparisons between experimental were determined by 1-way or 2-way ANOVA where appropriate, followed by Student's t test. A probability value of Ͻ0.05 was considered statistically significant.
Results
Inhibition of ROS Production in CryAB R120G Hearts
There are persuasive data showing that increased oxygen radical formation participates in the development of a number of pathologies, including cardiovascular, neurodegenerative, and chronic inflammatory disease. 21 Oxidative stress also can play a key role in the development of cardiac hypertrophy and dysfunction, accelerating the transition to HF. 11 XO, a superoxide-generating enzyme, is upregulated in our model of DRM and elevated XO expression and activity have been demonstrated in end-stage human HF and in the canine rapid pacing-induced HF model as well. 15 To define the role of oxidative stress in the progression of CryAB R120G -DRM, we treated 1-month CryAB R120G TG mice with oxypurinol (TGox group) for 90 days. We confirmed that ROS activity was elevated in untreated 4 month TG mice, but significantly attenuated in the TGox group ( Figure 1A and 1B). The fluorescent dye DCF was used to measure the relative ROS levels in the sections from TGox mice and compared to TG and NTG. In the presence of cellular oxidants, nonfluorescent DCF is converted into the fluorescent 5-(and-6)-chloromethyl-2,7-dichlorofluorescein (CM-DCF) and can be observed by confocal microscopy. The reagent is considered to be a marker of oxidant levels rather than a direct reporter for a specific ROS species. 22 Myocardial XO and peroxidase activities were increased significantly in TG hearts versus NTG controls, as assessed by Amplex Red binding, but restored to normal levels in the TGox mice ( Figure 1C and 1D) .
ROS have direct effects on cellular structure and function and may be integral signaling molecules in the processes of myocardial remodeling and failure. To understand the role of ROS in the DRM pathology, we performed a histopathologic analysis of 4-month ventricular tissue stained with Gomori's trichrome (Figure 2A and 2B). Hearts of untreated TG mice showed extensive fibrosis and myofibril disarray. Although aggregate accumulations, disarray, and increased interstitial space were still evident in TGox hearts, fibrosis was remarkably reduced.
Hypertrophied CryAB R120G TG hearts are characterized by activation of the fetal gene program. We confirmed overexpression of atrial natriuretic peptide, brain natriuretic peptide, and ␤-myosin heavy chain in the left ventricles of the untreated TG group. Although oxypurinol treatment did have an effect in terms of decreasing atrial natriuretic peptide and brain natriuretic peptide (but not ␤-myosin heavy chain) expression, it was clearly ineffective in restoring transcription to the normal adult pattern ( Figure 2C ). Having established that oxypurinol does decrease ROS levels in the CryAB R120G TG hearts, we next determined the expression of markers for oxidative/reductive stress in 4-month-old NTG, TG, and TGox mice ( Figure 3A and 3B) . Recent data showed that overexpression of human CryAB R120G in the mouse heart led to increased levels of a number of antioxidative enzymes such as catalase, glutathione peroxidase 1, and glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme in NADPH synthesis. 23 In contrast to those data, we found a moderate decrease in the amount of G6PD and glutathione reductase (GSH-R), an antioxidant that catalyzes the reduction of oxidized glutathione to glutathione. 24 Oxypurinol treatment restored G6PD to normal levels. In contrast, GSH-R was significantly upregulated in the oxypurinol-treated group, suggesting that oxypurinol increased the ability of mitochondria to defend against oxidative injury. The levels of catalase and glutathione peroxidase 1 were indistinguishable among all experimental groups.
Effects of ROS Production and Inhibition on Mitochondrial Structure and Function
We then analyzed the effect of antioxidant treatment on cardiomyocyte ultrastructure, using transmission electron microscopy to compare cardiomyocytes derived from 4-month NTG, TG, and TGox hearts. CryAB R120G expression significantly perturbs sarcomere and mitochondrial organization in the myoplasm. NTG cardiomyocytes are distinguished by a regular array of sarcomeres with mitochondria juxtaposed between them and adjacent to the A and I bands ( Figure 4A ), but this regular architecture was lacking in CryAB R120G cardiomyocytes whether or not they were treated with oxypurinol.
Cells respond to respiratory deficiency and excessive production of ROS in several ways, one of which is a change in mitochondrial morphology. 25 Chronic inhibition of complex I activity, for example, can significantly increase mitochondrial outgrowth and branching. 26 Many of the mitochondria in the untreated TG mice are distinguished by a loss of defined cristae and changes in general shape. On average, there is also significant longitudinal elongation. Antioxidant treatment did have a significant effect on mitochondrial morphology with the cristae appearing to be largely restored to their normal shape and architecture in the oxypurinol treated mice ( Figure 4A ). Quantitative analysis of mitochondrial shape from the electron micrographs was used to determine the form factor, F, a measure of the mitochondrial degree of branching (perimeter 2 /4 ϫarea). Additionally, a measure of mitochondrial length, the aspect ratio (AR), which is the ratio between the major and minor axes of the ellipse equivalent to the object was also determined ( Figure 4B ). 27 Both F and AR are independent of image magnification, and a minimum value of 1 (corresponding to a perfect circle) was routinely subtracted from each measurement. The total number of mitochondria (N) and the F/N ratio ("mitochondrial complexity" parameter) 27 per each field of view was also determined. There was a slight but significant (PϽ0.005) increase in mitochondrial number in the TG mice but not in the TGox group. TG mice showed highly significant changes in F, AR, and F/N, with all 3 of these parameters being restored to normalcy in the TGox mice.
The relative conservation of normal cardiomyocyte mitochondrial ultrastructure in the TGox group indicated that oxypurinol had beneficial effects on the mitochondria in the CryAB R120G hearts, and we wished to determine whether mitochondrial function was restored as well. One-month-old TGox mice were treated with oxypurinol for 30 days. Consistent with our previous data, 3 complex I activity was significantly decreased in the untreated CryAB R120G mice. Strikingly, oxypurinol treatment of the CryAB R120G mice resulted in the restoration of normal levels of complex I activity ( Figure 5A ).
ROS Inhibition Rescues Mitochondrial Function but Fails to Rescue Cardiac Function
We had previously shown that CryAB R120G expression results in MPTP activation. 3 To assess the effects of oxypurinol on this process, cardiac mitochondria were isolated from NTG, TG, and TGox mice and examined for their ability to undergo Ca 2ϩ -induced swelling. As expected, mitochondria from TG hearts were significantly swollen at baseline and showed a dramatically attenuated response after addition of Ca 2ϩ compared to NTG mice ( Figure 5B ). Despite these differences, mitochondria from TGox mice showed a significant increase in baseline absorption, indicating they were less swollen compared to the TG group, and displayed a similar change in absorbance compared to the NTG mitochondria when challenged with Ca 2ϩ , indicating a partial rescue of the compromised MPTP that is characteristic of CryAB R120G mitochondria. When mitochondria become dysfunctional, the F 1 F 0 ATP synthase can hydrolyze ATP rather than synthesizing it, the net result, even in the face of respiratory deficiency, being conservation of mitochondrial membrane potential, ⌬. To test whether respiratory deficiency was masked by the ATP synthase operating in the reverse mode in the TGox mice, we loaded isolated mitochondria with TMRE to image timedependent mitochondrial membrane potential. After loading, the mitochondria were incubated with oligomycin, an inhibitor of the mitochondrial F 1 F 0 -ATP synthase ( Figure 5C ). As expected, addition of oligomycin to mitochondria from TG mice quickly caused marked mitochondrial depolarization. In contrast, in NTG and TGox hearts, mitochondrial depolarization proceeded at slow rates even after extensive incubation, ruling out the possibility of a "masked" respiratory deficiency in the TGox mice.
Inhibition of XO can enhance cardiac performance at rest and under stress in several models of HF. 28, 29 We therefore measured cardiac hemodynamics in 4-month-old NTG, TG, and TGox animals using invasive catheterization. Surprisingly, in view of the improvements outlined above, we found significantly compromised diastolic function in both TG and TGox groups (Table) . Left ventricular systolic function, as determined by dP/dt max , was affected in both groups. Left ventricular dP/dt min was significantly higher under baseline conditions in both the TG and TGox groups as compared with the NTG mice. The ability of TGox mice to respond to ␤-adrenergic stimulation was also significantly blunted versus the NTG animals. Despite the changes in the expression of hypertrophic markers, the heart weight/body weight ratios were similarly perturbed in both the TG and TGox groups (Table) .
In addition, the hearts from NTG, TG, and TGox mice were studied by in vivo pressure-volume analysis. NTG and both groups of TG mice showed significant differences in the diastolic relations; they were shifted downward and to the right for both groups of TG mice ( Figure 6 ). The stiffness coefficients ( Figure 6B ) estimated as the slope of the end-diastolic pressure-volume relations, were 0.0183Ϯ0.004 versus 0.154Ϯ0.005 and 0.147Ϯ0.01 for NTG, TG, and TGox respectively (PϽ0.00005). The maximal power index (PWRmx/EDV), a chamber contractility indicator, was nearly 50% lower in TG and TGox mice (not shown) indicating increased passive stiffness and reduced capacity of the heart to generate peak power.
CryAB
R120G Expression Leads to Altered Cardiomyocyte Stiffness
Thus, despite the beneficial effects of ROS inhibition at the biochemical and mitochondrial levels, cardiac function in TGox animals was still significantly compromised. We hypothesized that the changes observed in the stiffness coefficients of the CryAB R120G hearts was attributable to alterations in the overall biomechanical properties of the cardiomyocytes, as a result of the massive accumulations of aggregated proteins in the sarcoplasm and collapse of the desmin network around these granulofilamentous bodies. To address this hypothesis, we quantitated the passive mechanical properties of the cell in the longitudinal and transverse directions in isolated adult cardiomyocytes derived from TG mice and compared them to normal CryAB overexpressors (CryAB WT ). Magnetic bead microrheology was used to perturb laminin- coated beads bound to the cell surface, and cytoskeletal stiffness was inferred by measuring induced bead and cytoskeletal displacement. 30 Because bead displacement is a combination of bulk cytoskeletal displacement and bead movement relative to the cytoskeleton through bead rolling and local membrane strain, we measured induced cytoskeletal displacement in close proximity (Ϸ6 m) to the bead ( Figure  7A ). For transverse force application, cytoskeletal displacement amplitude was significantly reduced in CryAB R120G cardiomyocytes compared to CryAB WT cells, indicating significantly increased cytoskeletal stiffness ( Figure 7B ). Furthermore, the phase lag between applied force and cytoskeletal displacement in the transverse direction was significantly reduced in the CryAB R120G cardiomyocytes compared to wild-type overexpressors ( Figure 7C ). Force application to the longitudinal (parallel to sarcomere) direction induced only small cytoskeletal displacements, with no significant differences between CryAB R120G and CryAB WT cells (data not shown).
Discussion
The protein misfolding diseases are a heterogeneous family of disorders and are characterized by a gradually progressive, selective loss of anatomically or physiologically relevant systems. 31 Despite this heterogeneity, there is strong evidence that mitochondrial dysfunction occurs early and acts causally in protein misfolding disease pathogenesis. 3, 31, 32 The func- Measurements of wet heart weight and body weight, along with the hemodynamic parameters, including heart rate, peak LV pressure (LVP), LV dP/dt max (an index of myocardial contractility), and LV dP/dt min (an index of myocardial relaxation), were determined at baseline (basal) and during infusion of dobutamine (32 ng/min per gram body weight). All data are presented as meansϮSE. MAP indicates mean arterial pressure. *PϽ0.001 vs NTG, †PϽ0.001 vs TG (nϭ6 -7 for every group). tional impairment of mitochondria is accompanied by extensive generation of ROS, but, in addition to being a major site for ROS production, mitochondria also become a target for ROS-induced damage and can be severely compromised by prolonged oxidative stress. ROS can trigger a transient burst of mitochondrial ROS production via ROS activation of the MPTP, a phenomenon termed ROS-induced ROS release. 7 Treatment with oxypurinol effectively shuts down this pathogenic limb of DRM, conserving internal mitochondrial architecture and function, as measured by complex I activity. Interestingly, the key players in the ability of the cell to mount an antioxidant defense, such as catalase and glutathione peroxidase, remained unchanged in the TG hearts. Furthermore, GSH-R and G6PD levels were reduced in TG hearts, suggesting that the endogenous antioxidant defense system was unable to cope with the long-term oxidative stress induced by expression of CryAB R120G . These results are in agreement with previous studies conducted on a number of cardiomyopathic models. 33, 34 However, Rajasekaran et al recently reported a significant upregulation of G6PD, catalase, and glutathione peroxidase in mice that overexpressed human CryAB R120G in mouse cardiomyocytes. 23 There are a number of possible explanations for the differences in the 2 data sets. First, our TG animals are made using the homologous mouse sequences, whereas Rajasekaran et al used human DNA. Second, the experiments were done in different strains of mice, which can often lead to significant differences in phenotype presentation and/or severity. 35 Increased myocardial oxidative stress by enhanced ROS generation can have potent effects on the extracellular matrix, stimulating cardiac fibroblast proliferation, which, in turn, can trigger fibrosis and matrix remodeling. In vivo, mutant models lacking antioxidant proteins such as thioredoxin 36 display myocyte hypertrophy, apoptosis, and interstitial fibrosis, whereas overexpression of antioxidants such as glutathione peroxidase 37 or peroxiredoxin-3 38 can prevent these processes. Our data are consistent with but do not prove a causal link between ROS production and fibrosis because significant decreases in interstitial fibrosis occurred in the oxypurinol treated CryAB R120G mice. Changes in contractility can be caused by altered sarcomeric function, by modifications in passive cytoskeletal stiffness, or by structural changes in the sarcomere organization. In contrast to other studies, in which inhibition of XO improved both in vivo and ex vivo contractile function of failing hearts, 14 -17,28 oxypurinol treatment failed to materially rescue cardiac function in the CryAB R120G mice. The results of the present study provide several new insights into the mechanisms that contribute to the origin of contractile dysfunction in CryAB-DRM. In our experiments, laminin-coated magnetic beads bound to surface of isolated cardiac myocytes from CryAB R120G mice displaced significantly less under transverse force application and induced cytoskeletal displacement was markedly reduced compared to wild-type littermates, indicating significantly increased transverse cytoskeletal stiffness. CryAB WT myocytes have uniformly oriented myofibrils aligned at the Z-band through desmin filaments, resulting in anisotropic cell mechanics with a significantly increased stiffness in the longitudinal direction compared to the transverse direction. In contrast, CryAB R120G mutant cells show less obvious anisotropic mechanics and the transverse stiffness approaches the level of the longitudinal stiffness. We speculate that altered sarcomeric alignment and cytoplasmic desmin and CryAB aggregates function as lateral reinforcements or cross-linkers in the cardiomyocytes from CryAB R120G mice, comparable to the function of diagonal struts in stabilizing a scaffold, resulting in increased transverse stiffness. In addition to CryAB being able to stabilize the cytoskeleton through its interactions with desmin under conditions of stress, recruitment of CryAB to cardiac myofibrils and a role of the protein in preventing spontaneous unfolding of titin has been described. 39 In addition to the increased transverse cytoskeletal stiffness, we found that CryAB R120G mutant cells had decreased cytoskeletal viscosity, characterized by a significant reduction in the phase lag between force application and induced displacement. The reason for the loss of transverse cytoskeletal viscosity is not clear, but most likely reflects the same ultrastructural changes described above, ie, increased lateral reinforcement and cross-linking of myofibrils. Interestingly, similar measurements on the cardiomyocytes from another, less severe DRM model (mice overexpressing a 7-aa deletion [R173 through E179] in desmin), did not exhibit any difference compared to wild type littermates (data not shown). The correlation between the amount of sarcomeric disarray and desmin/CryAB aggregates and the increase in transverse cytoskeletal stiffness when comparing the CryAB R120G and D7-des mutants suggests that these ultrastructural changes are at least in part responsible for the observed changes in cytoskeletal stiffness and the more severe phenotype caused by CryAB R120G mutation. Although these ultrastructural changes do not, by themselves, lead to cardiomyocyte cell death, 40 our data point to the potential importance of their physical impediment to continuous and normal cardiomyocyte contractility, with increased cytoskeletal stiffness and altered viscoelastic mechanical properties on the level of the single cardiomyocyte and a concomitant increase in chamber stiffness.
The results of this study, although correlative, suggest that the biological processes driving the transition of CryAB R120G hearts to failure in vivo are complex and dependent on multiple toxic stimuli that accumulate as a result of mutant protein expression. First and foremost is the accumulation of toxic preamyloid oligomers, which, via inducible transgenic means, we have shown are causative for cardiomyocyte cell death. 40 The present study further suggests that accumulation of misfolded CryAB R120G protein itself into the perinuclear aggresomes could play an important role in chronic LV dysfunction in CryAB R120G TG mice. Recently, we have been able to reduce aggregate levels by cardiac restricted overexpression of Bcl2 in these mice and noted significantly improved cardiac function. These data, although also correlative, emphasize the multifactorial nature of the pathology and indicate that combinatorial therapies will be needed to develop an effective therapy for preexisting disease.
Sources of Funding
This work was supported by NIH grants P01HL69799, P50HL074728, P50HL077101, P01HL059408, and R01HL087862
and an International Collaboration Research Project with the Japanese Health Science Ministry (to J.R.).
Disclosures
None.
